Abstract In electrical devices poured by epoxy resin, there are a lot of interfaces between epoxy resin and other solid dielectrics, i.e. solid-solid interfaces. Experiments were carried out to study the flashover characteristics of two typical solid-solid interfaces (epoxy-ceramic and epoxy-PMMA) under steep high-voltage impulse for different electrode systems (coaxial electrodes and finger electrodes) and different types of epoxy resin (neat epoxy resin, polyether modified epoxy resin and polyurethane modified epoxy resin). Results showed that, the flashover of solid-solid interface is similar to the breakdown of solid dielectric, and there are unrecoverable carbonated tracks after flashover. Under the same distance of electrodes, the electric stress of coaxial electrodes is lower than that of finger electrodes; and after the flashover, there are more severe breakdown and larger enhanced surface conductivity at interface for coaxial electrodes, as compared with the case of finger electrode. The dielectric properties are also discussed.
Introduction
Good insulation products must avoid unforeseeable dielectric breakdown across the bulk, over the surface, or along the interface between different materials [1−4] . It's necessary to enhance the breakdown strength at interface so as to improve the lifetime of insulation, as the breakdown strength along the interface is always lower than that of bulk.
In electrical devices poured by epoxy resin, there are a lot of interfaces between epoxy resin and other solid dielectrics, i.e. solid-solid interfaces, and the characteristics of interface are important for design and manufacture of compact pulsed-power devices [5] . Furthermore, little is known about the flashover along the interfaces between liquid-solid and solid-solid, while the flashover characteristics of the interface between gas-solid and vacuum-solid are reported widely [6−8] . In this paper, comparative study is carried out on the flashover characteristics of two kinds of solid-solid interfaces (epoxyceramic and epoxy-PMMA) under steep high-voltage impulse for different electrode systems and different types of epoxy resins.
Experiment

Sample preparation
Base board preparation: two kinds of typical solid dielectric materials in pulsed-power devices were made as base boards, Al 2 O 3 ceramic (named B1) and polymethyl methacrylate (PMMA, named B2). The base boards were disks of 6 mm in thickness and 60 mm in diameter. They were cleaned and baked before the experiments.
Electrode preparation: as shown in Fig. 1 , two types of gold electrodes were sputtered on the base boards, respectively. The electrode gap distances of both coaxial electrodes and finger electrodes were d=1 mm. After sputtering gold electrodes, the wires were stuck on the electrodes by conductive glue.
Pouring preparation: the base boards with electrodes and wires were made by pouring different epoxy resins with three types of formulas of epoxy resins, as shown in Table 1 .
As shown in Fig. 2 
Experiment device for pulsed interface flashover
The experiment system for pulsed interface flashover is indicated in Fig. 3 . The high-voltage pulse generator consisted of eight-stage switches and capacitors, the wave front resistance was R load =450 Ω, wave tail resistance was R limit =11.7 kΩ, and the charging capacitance was C=5.6 nF. The typical output waveform of the equipment is displayed in Fig. 4 . When there's no flashover, the peak output of voltage wave was 78 kV corresponding to zero current wave. The rise-time of the output waveform was 40 ns, and the half-max width was 1.2 µs. All the flashover signals, including voltage and current waves, were sent to a Tektronix TDS 3054B oscilloscope. 
Other experiments for contrast
For contrast, some other experiments (bulk breakdown in dielectrics) were carried out by the same interface flashover experiment system described above.
Similar to the above samples, the base boards for finger electrodes were made of the same materials as the epoxy resin encapsulated, and the electrode gap distance was also d=1 mm. This flashover along the interface between epoxy-epoxy can be taken as breakdown of bulk in the epoxy resin, as the materials on both sides of interface are the same type of epoxy resin. Six samples of each type were tested for flashover study to ensure the reliability.
Dielectric parameter measurement
To study the effect of the dielectric property on flashover, a broad-band dielectric spectrometer (Novocontrol Concept 80, NOVOCONTROL GmbH) was used to measure the dielectric parameters of solid dielectric above. Gold is sputtered on both sides of the dielectric as electrodes, the measurement was carried out for temperature of 233-343 K and frequency of 0.1 Hz-10 MHz, and three samples of each material were tested for dielectric parameter measurement.
Results and discussion
Flashover characteristic of solidsolid interface for different types of electrodes
All the flashovers took place in the rise time of the pulse, as shown in Fig. 7 . The flashover of solid-solid interface is similar to the breakdown of solid dielectric. Unrecoverable carbonated tracks appeared after flashover, and the electrodes were damaged as shown in Fig. 5 . Fig. 6 shows the average voltages of flashover U f for different types of electrodes. It can be seen that the U f of coaxial electrodes is obviously lower than that of finger electrodes at the same distance of electrodes. As the electrode surface of coaxial electrodes is much longer than that of finger electrodes, the lower flashover voltage in coaxial electrode system can be explained in terms of more defects along the electrode surface and larger breakdown probability. In addition, the flashover waves of two types of electrodes display a little difference, as shown in Fig. 7 . There's always a slow discharge curve in the tail of flashover wave with coaxial electrodes. In coaxial electrodes system, when the electrodes are uniform all over the edge, the flashover will take place at several points at the same time, and may result in more severe breakdown and more enhanced surface conductivity. Thus after flashover, the leakage current at remained voltage is large enough to form the slow discharge in the tail of flashover curve. Fig. 8 shows the voltages of flashover U f for different samples, including bulk breakdown data. The experimental results show that, all the bulk breakdown strength of the epoxy resins are much higher than the electric stress of solid-solid interface, since the flashover along the interface between the same types of epoxy resin can be regarded as something similar to the breakdown of bulk. The base boards were made of the same materials as the epoxy resin encapsulated, resulting in less field distortion on the interface of ER-ER than that of ER-Ceramic/PMMA. In the interfaces of epoxy-ceramic and epoxy-PMMA samples, the EP1-B2 (neat epoxy resin-PMMA) interface has obviously the highest flashover voltage (54.2 kV), and there's little difference in other samples.
Flashover characteristic for different solid-solid interfaces
EP1-B1 EP2-B1 EP3--B1 EP1-B2 EP2-B2 EP3-B2 EP1-EP1 EP2-EP2 EP3-
The real and imaginary parts of the permittivity frequency spectra of these three types of epoxy resins are shown in Figs. 9 and 10. There's no significant correlation between ε r and U f . In Fig. 10 , a loss peak can be observed in every type of epoxy resin. The frequency of loss peak shifts to higher with increasing temperature, so it shows Debyelike relaxation, and the frequency of loss peak (f p ) can be expressed by the Arrhenius equation as,
where f 0 is constant, E a is activation energy, and k is the Boltzmann constant.
The activation energy of these types of epoxy resins is displayed in Fig. 11 , which are calculated from Eq. (1).
Compared with Fig. 8 , it can be summarized that EP3 have both the lowest bulk breakdown strength U f (66.8 kV in average) and the lowest activation energy E a (0.34 eV), while EP2 have both the highest U f (76.1 kV in average) and the highest E a (0.77 eV), and the U f (72.5 kV in average) and E a (0.63 eV) of EP1 are in the middle, i.e. the U f increased with E a .
The activation energy E a stands for the trap energy level in polymer. Traps produce an effect on the flashover character by influencing the carrier behavior on the surface of materials [9] . In shallow-level traps, it's more difficult for the captured carriers to escape with increasing trap energy levels. This would restrain the electron avalanche and raise the flashover strength. The experimental results suggest that the traps belong to shallow-level traps and mainly depress flashover. The electric conductivities of all materials at room temperature are showed in Fig. 12 . The conductivity of PMMA is higher than that of ceramic. Neat epoxy resin has higher σ than two types of modified epoxy resins. For example, σ of the three types of epoxy resins at 10
5 Hz are 2.35×10 −7 S/cm (EP1), 2.09×10 −7 S/cm (EP2) and 5.47×10 −9 S/cm (EP3), respectively. High σ is helpful to moderate the field distribution and enhance the flashover strength [10, 11] , so the neat epoxy resin-PMMA interface shows the highest flashover voltage. In addition, the bonding states of the interface may also contribute to the flashover behavior, and needs further investigation. 
Conclusions
The flashover of solid-solid interface is similar to the breakdown of solid dielectric, and there're unrecoverable carbonated tracks after flashover. The electric stress of solid-solid interface is lower than the bulk breakdown strength of the materials. At the same distance of electrodes, the electric stress of coaxial electrodes is obviously lower than that of finger electrodes; and after the flashover, there're more severe breakdown and larger enhanced surface conductivity on the interface with coaxial electrodes, as compared with finger electrodes. The trap energy level and conductivity of the material has impact on its flashover characteristic.
